Summary Fibrosis is a common side-effect of radiation therapy. As a complex network of cytokines and other mediators plays a central role in the process leading to fibrosis, we used an in vivo method to measure skin collagen synthesis, taking into account the physiological conditions. We determined suction blister (i.e. interstitial) fluid concentrations of types and IlIl procollagen propeptides, reflecting types I and Ill collagen synthesis, in irradiated and unirradiated skin of breast cancer patients 1-5 years after surgery and radiation therapy, hence using the patients as their own controls. The mean concentrations of the measured collagen markers were approximately two times higher in the irradiated skin than in the unirradiated contralateral breast skin. The difference slowly diminishes with time. These results indicate that abundant collagen synthesis in the irradiated skin continues several years after discontinuation of the radiation therapy, leading to fibrosis.
Fibrosis is a common side-effect of radiation therapy, resulting from the overproduction or decreased degradation of collagen. Collagen synthesis takes place in fibroblasts. However, very little is known about the details of the process leading to fibrosis. It has been suggested that interleukin 2 secretion in fibroblasts and the subsequent up-regulation of adhesion molecules ICAM-1 and CD44 may be fundamental events in this process (Alileche et al, 1994) . Furthermore, increased synthesis and secretion of macrophage-derived growth factors for fibroblasts, such as platelet-derived growth factor (PDGF) and insulin-like growth factor 1 (IGF-1), may play a central role in lung fibrosis resulting from thoracic radiation therapy (Thornton et al, 1996) . Transforming growth factor beta (TGF-,B) is a cytokine and a wellknown collagen synthesis inducer that also evidently contributes to the fibrosis formation during radiation therapy (Cromarck et al, 1993; Rodemann and Bamberg, 1995; Thornton et al, 1996) . In mucocutaneous tissues, increased vascular permeability resulting in fibrin deposition and collagen formation has been indicated to lead to fibrosis after radiation therapy (Cooper et al, 1995) . Irradiation induces the terminal differentiation of cultured fibroblasts, which consequently contributes to the late effects of radiation therapy, including fibrosis formation (Rodemann et al, 1991) .
Individual variation exists in normal tissue response to radiation therapy, leading in certain cases to fibrosis (Bentzen and Overgaard, 1994) . There is a wide individual variation in sensitivity of skin fibroblasts to radiation therapy, and it has been suggested that radiosensitivity may predict the late effects (Geara et al, 1993) or the acute effects (Burnet et al, 1992) of the therapy. Patients with a genetic or acquired disorder, such as ataxia teleangiectasia (Taylor et al, 1975) or systemic sclerosis (Varga et al, 1991) exhibit abnormal sensitivity to ionizing radiation. However, the individual variation of tissue response to radiation therapy is due to several different factors (Turesson, 1989; Turesson and Thames, 1989; Tucker et al, 1992) . As the relationship between cellular sensitivity and tissue response is imperfect, a method for studying the underlying mechanisms of radiation-induced fibrosis, taking into account different contributing factors, is warranted (Burnet et al, 1992 (Burnet et al, , 1994 Geara et al, 1996; Turesson et al, 1996) . Further, it should be specific for one type of injury or even for one type of tissue (Bentzen et al, 1993) .
As type I collagen accounts for 70-80% and type III collagen for 10-15% of the total collagen in skin (Bauer and Uitto, 1979) , the modulation of their synthesis by radiation therapy is clinically very interesting and important. Collagen molecules are first synthesized as procollagen molecules, each of them including additional carboxy-and aminoterminal propeptides at the ends of the molecules (Figure 1 ) . These propeptides are cleaved off at the extracellular matrix in a 1:1 stoichiometric ratio to mature collagen molecules assembling into collagen fibres (Figure 1 ). The molecular shape of the aminoterminal propeptides is elongated and rod-like, whereas the shape of the carboxyterminal propeptides is globular (Figure 1 ). The molecular masses of type I carboxy-and aminoterminal and type III aminoterminal propeptides are 100 000, 35 000 and 42 000 respectively.
Here, we used a sensitive, direct and non-invasive method, based on the use of the suction blister technique (Kiistala, 1968) and on the radioimmunoassays of procollagen propeptides (Risteli et al, 1988; Melkko et al, 1990 Melkko et al, , 1996 to study local ongoing type I and III collagen synthesis (Oikarinen et al, 1992) in the irradiated and unirradiated skin of breast cancer patients 1-5 years after the radiation therapy. (Risteli et al, 1988; Melkko et al, 1990 Melkko et al, , 1996 . Radioimmunoassay for the carboxyterminal propeptide of type III procollagen is currently not available.
The mean concentrations and interindividual variation (± I s.d.) of the procollagen propeptides in SBF derived from irradiated and unirradiated skin and serum were calculated. In addition, the relative ratio of PICP and PINP (PICP/PINP) was calculated (taking into account the molecular masses of the propeptides) to determine the possible effect of radiation therapy on the cleavage of the propeptides from the type I procollagen molecule. The relative ratio of PIIINP and PINP (PIIINP/PINP) was calculated (taking into account the molecular masses of the propeptides) to study whether radiation therapy alters the relative synthesis of types III and I collagen in human skin.
The relative concentration of PICP, PINP and PIIINP in SBF of irradiated and unirradiated skin was estimated separately in patients who had received radiation therapy approximately 1, 2, 3, 4 and 5 years earlier.
For comparisons, two-tailed, paired Student's t-test assuming unequal distribution was used. 
RESULTS
The mean (± 1 s.d.) concentrations of PICP were 450 ± 252 ,ug 1-' and 229 ± 102 gg 1-in SBF obtained from irradiated and contralateral skin respectively (Figure 2) . The difference was significant (P = 0.01 1). In addition, the mean (± 1 s.d.) concentration of PINP was significantly (P = 0.021) higher in SBF obtained from irradiated skin (304 ± 225 jig 1-') than in SBF derived from contralateral skin (152 ± 112 ,ug 1-') ( Figure 2 ). The mean (± 1 s.d.) concentration of PIIINP in SBF obtained from irradiated skin was 109 ± 87 jig 1-1 and 49 ± 35 jig 1-1 in SBF derived from contralateral skin (Fig. 2) ; this difference was also significant (P = 0.013). In serum the mean PICP, PINP and PIIINP concentrations were 10 50, 43 ± 27 and 3.6 ± 0.9 jg 1-' respectively.
The relative ratios PICP/PINP were 0.37 ± 0.07 and 0.39 ± 0.1 in SBF obtained from the irradiated and the contralateral skin respectively. The difference was not significant. The relative ratios British Journal of Cancer (1998) 77(12), 2331-2335 6 I J u PIIINP/PINP were 0.22 ± 0.05 and 0.22 ± 0.07 in the SBF obtained from the irradiated and the contralateral skin respectively. This difference was also not significant. The mean relative concentrations of PICP in SBF from irradiated and unirradiated skin and the corresponding mean relative concentrations for PINP and PIIINP were highest 1-2 years after radiation therapy, thereafter slowly decreasing with time ( Figure 3 ).
DISCUSSION
We simultaneously induced suction blisters on irradiated and unirradiated skin of breast cancer patients. The blister is created with a negative pressure that raises epidermis and leaves the intact basal membrane on the dermal surface. The vessels remain intact and proteins flow into the blister compartment according to their molecular size (Vermeer et al, 1979) . The induction takes 1-2 h, does not cause pain and the blister sites heal rapidly without scar formation (Kiistala, 1968) .
As the procollagen propeptides are cleaved off in extracellular matrix into the interstitial fluid when a collagen molecule is formed , it is possible to measure the actual collagen synthesis in skin by measuring the concentrations of the propeptides in interstitial fluid (Oikarinen et al, 1992) . The concentrations of PICP and PINP, and PIIINP, respectively, have been shown to indicate the local ongoing synthesis of type I and type III collagen in dermis (Oikarinen et al, 1992; Autio et al, 1994 Autio et al, , 1996 . The synthesis of procollagens slowly decreases with age, being most obvious after the seventh decade.
In the irradiated skin, the mean SBF concentrations of PICP, PINP and PIIINP were about two times higher than in the contralateral skin (Figure 2 ). This indicates that synthesis rates of types I and III collagen are significantly increased until 1-2 years after therapy (Figure 3) . Thereafter, the synthesis slowly decreases in the irradiated skin approaching the synthesis rate of the non-irradiated skin (Figure 3 ). Several studies have indicated a non-linear time course of collagen mRNA and cytokine levels post irradiation (Rubin et al, 1995; Randall and Coggle, 1996) . In order to clarify the time course of collagen synthesis with the present method, extensive measurements with a large number of patients are needed. The concentrations of PICP and PIIINP increase markedly in wound fluid after surgery but normalize within a few months (Haukipuro et al, 1992) . Hence, the increased skin collagen synthesis can not be due to the healing of mastectomy wounds.
Several studies have indicated that the skin synthesis of type I and III collagens is tightly co-regulated (Oikarinen et al, 1992; Autio et al, 1994) . In addition, the present results indicate that type III collagen synthesis accounts for about 22% of the total skin synthesis of type I and III collagens, irrespective of the radiation therapy, which is consistent with previous estimates in physiological conditions (Autio et al, 1994) .
Our results further indicate that the cleavage of amino-and carboxyterminal propeptides from type I procollagen molecule remains intact despite radiation therapy, enabling normal binding of collagen molecules into fibres and bundles. Previous results obtained with patients under certain systemic treatments have also indicated similar co-ordinated cleavage rates (Autio et al, 1994) . The serum concentrations of PICP and PINP mainly reflect the turnover of bone type I collagen, whereas that of PIIINP reflects the synthesis of type III collagen in soft tissues of the whole body .
Mean serum concentrations of PICP, PINP and PIIINP were, in our patients, inside the normal reference values, as expected, as serum concentrations rarely reflect local changes in dermal collagen metabolism (Autio et al, 1993) . This is the first in vivo demonstration of increased collagen synthesis in human irradiated skin. Increased SBF concentrations of PICP and PIIINP have been shown in fibrogenetic scleroderma skin, in line with the present results (S0ndergaard et al, 1997) . In the near future, it will become possible to measure degradation products of collagens in SBF and thus to elucidate the total turnover of skin collagens. If, in a prospective setting, this method is combined with biophysical techniques and the results achieved with fibroblast cultures, it will be possible to get a more precise insight into the mechanisms occurring under radiation-induced fibrogenesis.
